Abstract There are considerable differences in the plasma lipid profile between lean and obese individuals and between men and women. Little, however, is known regarding the effects of obesity and sex on the plasma concentration of enzymes involved in intravascular lipid remodeling. Therefore, we measured the immunoreactive protein mass of lipoprotein lipase (LPL), hepatic lipase (HL), cholesterol-ester transfer protein (CETP) and lecithin-cholesterol acyl transferase (LCAT) in fasting plasma samples from 40 lean and 40 obese non-diabetic men and premenopausal women. Women, compared with men, had *5% lower plasma LCAT (p \ 0.041), *35% greater LPL (p = 0.001) and *10% greater CETP (p = 0.085) concentrations. Obese, compared with lean individuals of both sexes, had *30% greater plasma LCAT (p \ 0.001), *20% greater CETP (p \ 0.001) and *20% greater LPL (p = 0.071) concentrations. Plasma HL concentration was not different in lean men and women. Obesity was associated with increased (by *50%) plasma HL concentration in men (p = 0.018) but not in women; consequently, plasma HL concentration was lower in obese women than obese men (p = 0.009). In addition, there were direct correlations between plasma lipid transfer enzyme concentrations and lipoprotein particle concentrations and sizes. There are considerable differences in basal plasma lipid transfer enzyme concentrations between lean and obese subjects and between men and women, which may be partly responsible for respective differences in the plasma lipid profile.
Introduction
Obese subjects and men are at greater risk for cardiovascular disease (CVD) than lean subjects and women, probably because obese individuals and men have a more pro-atherogenic plasma lipid profile than lean subjects and women, respectively [1] . Several mechanisms, including hepatic and intestinal secretion of very low-density lipoproteins (VLDL), high-density lipoproteins (HDL), and possibly also low-density lipoproteins (LDL), intravascular delipidation and remodeling, and final catabolism and removal from the circulation, act in concert to maintain a more or less pro-atherogenic lipid profile [2] . Intravascular remodeling of lipoproteins involves the exchange of core and surface lipids and apolipoproteins, mediated largely by the action of plasma lipid transfer enzymes, i.e., lipoprotein lipase (LPL), hepatic lipase (HL), cholesterol-ester transfer protein (CETP), and lecithin-cholesterol acyl transferase (LCAT) [3] . Although differences between lean and obese subjects and between men and women in the plasma lipid and lipoprotein profile are well established [1, 4] , we know little regarding the effects of obesity and sex on the plasma concentration (i.e., the protein mass) of enzymes involved in intravascular lipid remodeling [5, 6] . A better understanding of the regulation of plasma lipid transfer enzyme concentrations may be clinically important because the immunoreactive protein mass of these enzymes has recently been shown to be related to CVD risk [7] [8] [9] [10] [11] [12] . The relationship between plasma lipid transfer enzyme concentrations and CVD risk could simply be a reflection of their enzymatic actions and consequent changes in plasma lipid profile but likely goes beyond that because their function is not only limited to their catalytic activity, e.g., LPL [13] and HL [14] serve as bridges/ligands that facilitate lipoprotein uptake by various cell types. The purpose of our study therefore was to examine potential differences in basal plasma lipid transfer enzyme concentrations between lean and obese men and women. We studied nondiabetic, healthy, normoglycemic and normotriglyceridemic subjects with normal oral glucose tolerance to avoid potential confounding due to obesity-related metabolic complications [15, 16] .
Experimental Procedure

Subjects
Eighty subjects between the ages of 18 and 50 years participated in the study: 40 (18 men; 22 premenopausal women) were lean with a body mass index (BMI) between 18.5 and 25 kg/m 2 and 40 (13 men; 27 premenopausal women) were obese with a BMI between 30 and 45 kg/m 2 . Lean and obese subjects and men and women were matched on age. All subjects were considered to be in good health after completing a medical evaluation, which included a history and physical examination and standard blood tests. Subjects were included in the study if they were free of hypertension (blood pressure\140/90 mmHg) and were normoglycemic (plasma glucose concentration \5.5 mmol/L) and normotriglyceridemic (plasma triglyceride concentration \1.69 mmol/L); in addition, all obese subjects had normal oral glucose tolerance (plasma glucose concentration 2 h after a 75 g oral glucose challenge \7.77 mmol/L). None of the subjects satisfied the criteria for metabolic syndrome, and none were smoking or taking medications known to affect glucose or lipid metabolism. Total body fat was determined by using dual-energy X-ray absorptiometry (Delphi-W densitometer, Hologic, Waltham, MA), and total abdominal, intra-abdominal, and subcutaneous abdominal fat areas were determined by magnetic resonance imaging on a 1.5T scanner (Siemens, Iselin, NJ), as previously described [17] . Written informed consent was obtained from all subjects before their participation in the study, which was approved by the Human Studies Committee and the General Clinical Research Center (GCRC) Advisory Committee at Washington University School of Medicine in St. Louis, MO.
Sample Collection and Analyses
Subjects were instructed to adhere to their regular diet and to refrain from physical activity for a minimum of 3 days before they were admitted to the GCRC where they consumed a standardized meal at *1930 h, and then fasted (except for water) and rested in bed until fasting venous blood (total volume *20 mL) was collected in chilled tubes containing sodium EDTA between 0700 and 0800 h the next day. Plasma was separated by centrifugation (3,000 rpm for 15 min at 4°C) and stored at -80°C until analyses were performed.
The concentrations of LPL, LCAT and CETP in plasma were determined with commercially available ELISA kits (Daiichi Pure Chemicals, Tokyo, Japan) [18] and plasma HL concentration was determined by using a sandwich ELISA method with monoclonal antibodies generated against human HL [19] ; the assays used for LPL and HL do not cross-react with each other or with pancreatic lipase.
Plasma glucose concentration was determined by using an automated glucose analyzer (YSI 2300 STAT plus, Yellow Spring Instrument Co., Yellow Springs, OH). Total plasma triglyceride, VLDL-triglyceride and HDL-cholesterol concentrations, and plasma concentrations of VLDL, LDL, and HDL particles and average lipoprotein particle sizes (diameter in nm) were determined (LipoScience, Raleigh, NC) by using an AVANCE INCA NMR Chemical Analyzer equipped with a Bruker BioSpin UltraShield super-conducting magnet (Bruker BioSpin, Billerica, MA), as previously described [4] .
Statistical Analysis
All data sets were normally distributed and are presented as means ± standard error (SEM). Two-way analysis of variance was used to evaluate the significance of differences between lean and obese subjects and men and women. In a secondary analysis, we compared the LPL, LCAT, and CETP data obtained from a subgroup of 15 men and 15 women who were matched on percent body fat to evaluate the effect of sex independently of differences in body composition between men and women, by using the Student's t-test for independent samples. Plasma HL concentration measurements were excluded from this secondary analysis because we detected a significant interaction between sex and obesity on plasma HL concentration. Associations between variables of interest were assessed with Pearson's linear correlation analysis. A p-value \ 0.05 was considered statistically significant.
Results
Plasma LCAT concentration was *5% lower and plasma LPL concentration was *35% higher in women than in men; women also tended to have higher plasma CETP concentration than men (Table 1) . Obese subjects had 20-30% higher plasma LCAT and CETP concentrations than lean subjects, irrespective of sex; they also tended to have higher plasma LPL concentration than lean subjects (Table 1) .
Plasma HL concentration was not different in lean men and women. Obesity was associated with *50% higher plasma HL concentration in men but not in women; consequently, obese women had *30% lower plasma HL concentration than obese men (Table 1) .
There were no differences in plasma LPL and CETP concentrations between men and women who were matched on percent body fat (Table 2 ). However, women had *20% lower plasma LCAT concentration than men, even when matched on percent body fat (Table 2) .
Total body fat (% body weight) correlated positively with plasma LCAT (r = 0.296, p = 0.008), LPL (r = 0.473, p \ 0.001), and CETP (r = 0.351, p = 0.002) concentrations, but not with HL concentration (r =
Plasma LCAT concentration was inversely correlated with average HDL particle size. Plasma HL concentration correlated directly with average VLDL particle size and negatively with average LDL particle size (Table 3 ). There was no relationship between plasma LPL concentration and average VLDL, LDL, or HDL particle sizes. In addition, plasma LCAT concentration was directly correlated with VLDL (all), LDL (total and small), and HDL (total and small and medium) particle concentrations (Table 3) . Plasma CETP concentration was directly correlated with the concentrations (total and small) of VLDL, LDL, and HDL in plasma (Table 3) . Plasma HL concentration was (Table 3) .
Discussion
We measured the immunoreactive protein mass of plasma lipid transfer enzymes in non-diabetic lean and obese men and women with normal oral glucose tolerance and plasma triglyceride concentrations, and found considerable differences in plasma LPL, CETP, LCAT, and HL concentrations between sexes and between lean and obese subjects.
A few previous studies evaluated the effect of obesity on plasma CETP concentration without considering potential sex differences [5] , and measured plasma LPL concentration in men and women without considering the potential role of obesity [6] . Furthermore, both of these studies included subjects with hypertriglyceridemia and of unknown glucose tolerance status, which might have confounded the results [15, 16] . We found that obese individuals have higher plasma LPL, CETP, and LCAT concentrations than lean individuals and obese men (but not obese women) also have higher plasma HL concentration than lean men. LPL is the central enzyme in plasma triglyceride hydrolysis, however, LPL also functions as a molecular bridge to enhance lipoprotein uptake into cells via pathways that are independent of its catalytic activity [13] . The absence of robust relationships between the immunoreactive protein mass of LPL and plasma lipoprotein concentrations suggests that the relationship between plasma LPL concentration and CVD risk [7, 12] may be related to recently discovered non-catalytic functions of the enzyme, such as tissue binding of VLDL [13] and native and oxidized LDL [20] , and the facilitation of monocyte adhesion [21] . CETP primarily carries triglyceride from VLDL in exchange for cholesterol esters from other lipoproteins, especially HDL but also LDL [22, 23] . Depletion of core triglyceride makes the VLDL particle smaller and denser, whereas triglyceride enrichment of LDL [24] and HDL [25] eventually leads to the generation of small and dense LDL and small HDL particles. Consistent with this metabolic cascade, we observed positive associations between plasma CETP mass and small VLDL, LDL, and HDL particles. Differences between men and women in plasma LPL and CETP concentrations (women greater than men) seem to manifest secondary to typical male and female phenotypes (i.e., greater body fat in women than men). This is consistent with the observation that CETP and LPL mRNA is highly expressed in mammalian adipose tissue [26] , as well as with the positive relationships found between percent body fat and CETP and LPL concentrations in plasma. On the other hand, sex differences in plasma LCAT and HL concentrations are independent of differences in total body fat accumulation between men and women, and might be considered true sexual dimorphism rather than a secondary phenomenon.
Plasma LCAT concentration was *30% greater in obese than lean subjects and slightly (*5%) but significantly lower in women than men. Since women have more body fat than men, the difference in plasma LCAT concentration is unlikely to be due to differences in body composition between men and women. Indeed, in our subset of men and women who were matched on percent body fat, plasma LCAT concentration was *20% lower in women than in men. LCAT is a lipoprotein-associated enzyme responsible for esterifying free cholesterol to cholesterol esters, primarily on the surface of HDL; hydrophobic cholesterol esters then move to the core of HDL thereby maintaining a free-cholesterol gradient from cells to HDL, which is essential for reverse cholesterol transport [9] . Thus, our results are in agreement with the lower HDL-cholesterol concentration and smaller HDL particle size in obese compared with lean subjects and in men compared with women [1, 4] , because LCAT in plasma is mainly associated with HDL particles and large, cholesterol-rich HDL particles (in lean subjects and women) contain little or no LCAT [27] . Corroborating these observations, we found that plasma LCAT concentration correlated positively with small HDL particles and negatively with average HDL size.
In agreement with an earlier study that measured postheparin plasma HL activity [5] , we found that obesity was associated with increased plasma HL concentration in men but not in women. Although HL in non-heparinized plasma is catalytically mostly inactive [28] , the difference in HL protein mass may be important for our understanding of the regulation of lipid metabolism because HL has multiple roles in lipoprotein metabolism and cellular lipid uptake. It hydrolyzes triglycerides and phospholipids present in circulating plasma lipoproteins, including intermediatedensity lipoproteins and lipoprotein remnants, LDL, and HDL, resulting in the generation of smaller LDL and HDL particles [14, 29] , consistent with the observed relationships between plasma HL concentration and small LDL and HDL particles and average particle sizes. Besides its function as lipase, HL serves as a ligand that facilitates lipoprotein uptake by various cell types [14] .
In summary, there are considerable differences in the plasma lipid transfer enzyme concentrations between lean and obese subjects and between men and women, which may be partly responsible for respective differences in the plasma lipid profile and CVD risk.
